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INTRODUCI'ION 
Petroleum coke and c o a l  de r ived  cokes and c h a r s  f i n d  widespread use in 

meta l lu rg ica l  and g a s i f i c a t i o n  processes .  During aluminium smelt ing,  carbon 
e l ec t rodes  a r e  consumed not  on ly  by the  des i r ed  e l e c t r o l y t i c  r e a c t i o n s  bu t  a l s o  
by undesirable  means, s u c h  as g a s i f i c a t i o n  by carbon d iox ide  and oxygen from t h e  
surrounding a i r .  In f e r r o u s  and non-ferrous b l a s t  furnace processes ,  
me ta l lu rg ica l  coke is o f t e n  excess ive ly  consumed by r e a c t i o n  with carbon d iox ide  
which may l ead  t o  deg rada t ion  of coke s t r e n g t h ,  and hence reduce fu rnace  
permeabili ty.  Further ,  due to t h e  endothermic n a t u r e  of t h e  r e a c t i o n ,  excess ive  
r eac t ion  of coke wi th  CO2 may l ead  t o  d i s tu rbance  of t he  des i r ed  b l a s t  furnace 
temperature p r o f i l e  and hea t  balance.  Coal cha r s  f i n d  widespread use  a s  a source  
material i n  g a s i f i c a t i o n  p rocesses  and i n  a c t i v a t e d  carbon manufacture.  Chars 
der ived from Aus t r a l i an  brown c o a l s  a r e  p a r t i c u l a r l y  s u i t e d  t o  t h e  la t ter  
a p p l i c a t i o n  a s  they c o n t a i n  on ly  very sma l l  q u a n t i t i e s  of mineral  mat ter .  

In orde r  t o  dev i se  means of suppressing was te fu l  consumption of carbon and 
energy i n  me ta l lu rg ica l  p rocesses  and t o  op t imise  t h e  u t i l i s a t i o n  of coal  chars  
i n  o the r  processes  i t  is necessary t o  have a q u a n t i t a t i v e  understanding of t h e  
f a c t o r s  which c o n t r o l  t h e  r a t e  of carbon g a s i f i c a t i o n .  The r a t e  of r e a c t i o n  of 
coke or char  with CO , i n  common with o t h e r  gas-sol id  r e a c t i o n s ,  i s  con t ro l l ed  by 
t h r e e  main f a c t o r s  [ ? I :  
cha r  su r face ;  (b )  t h e  combined e f f e c t s  of t he  r a t e  of d i f f u s i o n  of t he  gas  
through t h e  pore s t r u c t u r e  of t he  ma te r i a l  and the  r a t e  of chemical r e a c t i o n  of 
t h e  gas with the  carbonaceous components of the  coke or char ;  and ( c )  t h e  r a t e  of 
chemical r e a c t i o n  alone. 

s i g n i f i c a n t  i n f luences  of f a c t o r s  ( a )  and (b )  were e l imina ted  i n  o r d e r  to al low 
t h e  i n t r i n s i c  chemical r e a c t i v i t y  of t he  s e l e c t e d  m a t e r i a l s  t o  the  r e a c t i o n  
C ( s )  + C02(g) = 2CO(g) to be evaluated.  

EXPERIMENTAL 

mental  me ta l lu rg ica l  coke produced from Queensland coking c o a l  i n  a small  s c a l e  
(7 kg) l abora to ry  coke oven; ( 2 )  a sample of petroleum coke used i n  t h e  
production of anodes f o r  a commercial aluminium sme l t e r  and p rev ious ly  s tud ied  i n  
t h i s  l abora to ry  [2] ,  and ( 3 )  a sample of cha r  produced from a Vic to r i an  brown 
coal .  Chemical ana lyses  of t h e s e  m a t e r i a l s  a r e  g iven  i n  Table 1. 

t h e  procedures adopted a r e  a mod i f i ca t ion  of a system p rev ious ly  developed a t  
CSIRO L2,31. It allows t h e  r e a c t i o n  r a t e ,  o rde r  i n  CO concen t r a t ion  and 
a c t i v a t i o n  energy t o  be determined from a s i n g l e  experiment.  

and carbon monoxide c o n t e n t  of t h e  r eac to r  e x l t  gas  s t ream which was cont inuously 
measured with a non-dispers ive infra-red CO analyser .  The s p e c i f i c  r e a c t i o n  
r a t e ,  P [g/min.gl, was t h e n  c a l c u l a t e d  according t o  Equation (1):  

( a )  t h e  r a t e  of r e a c t a n t  g a s  t r a n s p o r t  t o  t h e  coke or 

The r eac t ion  c o n d i t i o n s  s e l e c t e d  f o r  t h e  p re sen t  s tudy  were such t h a t  any 

Three m a t e r i a l s  were considered in t h i s  study. They were (1 )  an  experi-  

The experimental  appa ra tus  i s  i l l u s t r a t e d  in Figure 1. This apparatus  and 

The r a t e  of carbon l o s s  (dW/dt) was determined d i r e c t l y  from t h e  flow-rate 

[glmin-gl ( 1 )  
1 dW 

p = Tj [z.) 
where W is  the weight of sample remaining a t  any t i m e ,  t. 
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It is known t h a t  t he  product carbon monoxide can have a r e t a r d i n g  e f f e c t  on 
t he  r a t e  of  r e a c t i o n  [4]. The present  i n v e s t i g a t i o n  w a s  c a r r i e d  o u t  w i th  carbon 
monoxide l e v e l s  always below 1% v/v,  a t  which value t h e  r e t a r d a t i o n  e f f e c t  can  be 
ignored [5]. 

dioxide i n  the  r e a c t a n t  gas  stream. This w a s  achieved by a l t e r n a t i n g  between t h e  
two r eac t an t  s t reams ind ica t ed  as streams A and B i n  Figure 1. Hence t h e  
r eac t ion  r a t e  of i nd iv idua l  samples was determined a t  s e v e r a l  carbon d iox ide  
concen t r a t ions  (approximately 30, 50, 75 and 100% v /v )  in a s i n g l e  experiment.  
The r eac t ion  o rde r  t hus  determined was co r rec t ed ,  using t h e  experimental ly  
determined a c t i v a t i o n  energy ( s e e  below), f o r  any temperature  v a r i a t i o n  brought 
about by the  change in gas composition and is independent of changes in t h e  pore 
s t r u c t u r e  of t he  sample. 

A t  t he  conclusion of a t e s t ,  t he  fu rnace  was switched off  and t h e  a c t i v a t i o n  
energy of t he  r e a c t i o n  c a l c u l a t e d  from an Arrhenius p l o t  of t he  rate d a t a  
obtained during cool ing of t h e  r e a c t i o n  system. The weight l o s s  of t h e  m a t e r i a l s  
was very small  ( l e s s  than l%), and the pore s t r u c t u r e  t h e r e f o r e  assumed t o  remain 
unchanged, during t h i s  period. 

i n t r i n s i c  r e a c t i o n  r a t e ,  ps, cg lcu la t ed  according t o  Equation ( 2 ) .  

During an experiment,  s t e p  changes were made in t h e  concen t r a t ion  of carbon 

The t o t a l  s u r f a c e  a rea ,  A , of t h e  sample r e s idue  was then measured and the  

P, = A P [ g/m2.min1 ( 2 )  
g 

The k i n e t i c  da t a ,  obtained a t  a common e x t e n t  of r eac t ion ,  are expressed a s  

P = A c m~ exp (-E/RT) [g/min.gl 
g g  

( 3 )  

cg * where R is t he  gas  cons t an t ,  m is t he  o r d e r  of r e a c t i o n  i n  COP concen t r a t ion ,  
E i s  t h e  a c t i v a t i o n  energy, and B i s  a pre-exponent ia l  or frequency f a c t o r .  

r e spec t ive  t r u e  va lues  when n e i t h e r  e x t e r n a l  t r a n s p o r t  nor pore d i f f u s i o n  e f f e c t s  
have any s i g n i f i c a n t  e f f e c t  on t h e  observed r e a c t i o n  r a t e .  Prel iminary 
experiments revealed t h a t  t he  r e a c t i o n  r a t e ,  p, was independent of t h e  r e a c t a n t  
gas  f lowra te  (between 500 and 1000 ml/min) and of coke or char  p a r t i c l e  s i z e  
(between 0.2 and 1.7 mm) and t h a t  p a r t i c l e  d e n s i t y  decreased l i n e a r l y  du r ing  
gasiEicat ion.  These obse rva t ions  confirm t h a t  mass t r a n s f e r  processes  do not 
exe rc i se  a s i g n i f i c a n t  i n f l u e n c e  on t h e  r e a c t i o n  r a t e  under t h e  cond i t ions  
se l ec t ed  f o r  t he  present  work. 

RESULTS 

2, t he  r eac t ion  r a t e ,  p, a t  89OoC, of a bed of 0.9 mm m e t a l l u r g i c a l  coke 
p a r t i c l e s  is p l o t t e d  as a f u n c t i o n  of t h e  f r a c t i o n a l  weight l o s s  of t h e  coke. 
The response t o  sudden changes i n  t he  i n l e t  gas  composition can be c l e a r l y  
seen. The r e a c t i o n  o rde r ,  m. was c a l c u l a t e d  a t  t h e s e  s t e p  changes and is shown, 
i n  the  upper po r t ion  of Figure 2, t o  remain approximately cons t an t  du r ing  
r eac t ion  (average value = 0.68). The a c t i v a t i o n  energy, E (239 k J / m o l ) .  w a s  
determined from t h e  Arrhenius diagram of Figure 3, a p l o t  of t he  d a t a  over  t h e  
dec l in ing  temperature period dep ic t ed  in t h e  f i n a l  po r t ion  of F igu re  2. 

The r e s u l t s  of a s e r i e s  of experiments using a l l  t h r e e  m a t e r i a l s  a r e  
summarised in Table 2 and Figure 4. The o v e r a l l  a c t i v a t i o n  energy of t h e  
r eac t ion  is s i m i l a r  f o r  a l l  t h r e e  m a t e r i a l s  examined h e r e  and va lues  in t he  range 
185-245 kJ/mol were found. The k i n e t i c  d a t a  determined f o r  t he  petroleum coke i n  
t h i s  s tudy a r e  in gene ra l  agreement wi th  t h e  r e s u l t s  of a previous i n v e s t i g a t i o n  
using t h i s  ma te r i a l  [2].  

The observed va lues  of E and m i n  Equation (3)  on ly  r ep resen t  t h e i r  

- 
The r e s u l t s  of a t y p i c a l  experiment a r e  shown i n  F igu res  2 and 3. In Figure 
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It appears  t h a t  E i n c r e a s e s  during r e a c t i o n  of t h e  brown c o a l  cha r ,  however 
t h e  range of t h i s  v a r i a t i o n  is  no t  l a r g e  and f u r t h e r  work i s  r equ i r ed  t o  
determine t h e  s i g n i f i c a n c e  of t h i s  trend. Similar  behaviour was not  apparent  f o r  
t h e  o the r  materials where v a r i a t i o n s  in E between experiments a r e  not  considered 
s i g n i f i c a n t  given t h e  heterogeneous na tu re  of t h e  m a t e r i a l s  ( p a r t i c u l a r l y  the  
me ta l lu rg ica l  coke). 

constant  f o r  a l l  of t h e  m a t e r i a l s  as the  e x t e n t  of g a s i f i c a t i o n  increased.  The 
average values  of m f o r  t h e  t h r e e  m a t e r i a l s  a r e  summarised i n  Table  2. Similar 
va lues  of m (0.65-0.68) were found f o r  t h e  petroleum and m e t a l l u r g i c a l  cokes 
while  r eac t ion  of t h e  brown coa l  cha r  showed a s l i g h t l y  lower dependence on C02 
p a r t i a l  p re s su re  (m = 0.57). Values of m i n  the  range 0.55-0.60 were a l s o  found 
during a number of experiments  u s ing  d i f f e r e n t  p a r t i c l e  s i z e s  of brown c o a l  char.  

m e t a l l u r g i c a l  and petroleum cokes inc reases  during r eac t ion .  The brown c o a l  char  
demonstrated a n  appa ren t  d e c l i n e  i n  r e a c t i o n  rate in t h e  i n i t i a l  per iod of 
r eac t ion ,  up t o  approximately 6% weight loss  (F igu re  5 ) ,  beyond which t h e  r a t e  
increased s t r o n g l y  with f u r t h e r  g a s i f i c a t i o n  (F igu re  6).  The reasons f o r  t h e  
i n i t i a l  dec rease  i n  t h e  observed r e a c t i o n  r a t e  of t h i s  ma te r i a l  are not ye t  
explained but  i t  is p o s s i b l e  t h a t  t h t s  i n i t i a l  e v o l u t i o n  of CO is t h e  r e s u l t  of 
deso rp t ion  of oxygen con ta in ing  spec ie s  which a r e  p re sen t  i n i t i a l l y  on the  char 
su r face  and were not  dis lodged by heat ing t o  r e a c t i o n  temperature  in nit rogen.  

p during r eac t ion  of t h e  two cokes i s  thought t o  be due, a t  l e a s t  i n  p a r t ,  t o  
a l t e r a t i o n  of t h e  s u r f a c e  a r e a  of t h e  ma te r i a l s .  The r e l a t i v e l y  high i n i t i a l  
su r f ace  a r e a  of t h e  brown coa l  cha r  (Table 2) may a l s o  account f o r  i t s  high 
va lues  of p r e l a t i v e  t o  t h e  coke samples (Fig.  4). 

a r e  presented i n  Table 2 and F igure  7. The s u r f a c e  a r e a s  of t h e  brown coa l  char  
and me ta l lu rg ica l  coke i n c r e a s e  g r e a t l y  du r ing  r e a c t i o n  wi th  COP while  t h a t  of 
petroleum coke, d e s p i t e  a measurable inc rease ,  remains ve ry  low. 

The i n t r i n s i c  r e a c t i o n  rate of each of t he  m a t e r i a l s  was c a l c u l a t e d  from t h e  
r a t e  and s u r f a c e  a r e a  d a t a  of F igu res  4 and 7 r e spec t ive ly .  according t o  Equation 
(3) and i s  shown i n  F igu re  8. The main f e a t u r e s  of Figure 4 remain evident ,  
however the r e l a t i v e  r e a c t i v i t i e s  of t he  m a t e r i a l s  change g r e a t l y  when allowance 
is made f o r  t he  changing s u r f a c e  area of t h e  ma te r i a l s .  Despi te  t h e i r  v a s t l y  
d i f f e r e n t  t o t a l  s u r f a c e  a reas ,  t h e  brown c o a l  char  and t h e  m e t a l l u r g i c a l  coke a r e  
seen t o  d i s p l a y  similar r e a c t i v i t i e s  per u n i t  s u r f a c e  a r e a  (F igu re  8 ) .  
temperatures ,  t h e  petroleum coke w a s  f a r  more r e a c t i v e ,  per  un i t  s u r f a c e  a rea ,  t o  
C02 than t h e  c o a l  d e r i v e d  ma te r i a l s .  
a r e a  inc reases ,  t h e  i n t r i n s i c  r e a c t i v i t y ,  pS.  of a l l  t h e  m a t e r i a l s  decreases .  
This behaviour has not y e t  been explained and w i l l  be considered i n  f u t u r e  
work. An at tempt  t o  determine t h e  reasons f o r  t h e  h igh  i n t r i n s i c  r e a c t i v i t y  of 
petroleum coke r e l a t i v e  t o  the  c o a l  der ived m a t e r i a l s  w i l l  a l s o  be made. 

CONCLUSIONS 
Measurements have been made of t he  i n t r i n s i c  r e a c t i v i t y  of a petroleum coke, 

a me ta l lu rg ica l  coke and a brown c o a l  cha r  t o  carbon d iox ide  over  t h e  temperature 
range 650-900°C and a t  carbon d iox ide  p a r t i a l  p r e s s u r e s  between 0.3 and 1 atm. 

constant  during r e a c t i o n  up t o  42% weight loss a t  approximately 0.65 f o r  
petroleum coke and m e t a l l u r g i c a l  coke and 0.55-0.60 f o r  brown c o a l  char.  
a c t i v a t i o n  energy o f  r e a c t i o n  w a s  s i m i l a r  f o r  a l l  m a t e r i a l s  and was in t he  range 
185-245 kJ/mol. 
during r eac t ion  (up  t o  42% weight loss) by f a c t o r s  of approximately 5, 100 and 25 

The order  oE r e a c t i o n  with r e spec t  t o  C02 p a r t i a l  p re s su re  w a s  approximately 

It is  apparent  in Figures  2 and 4 t h a t  t he  r a t e  of r e a c t i o n  of t h e  

The subsequent i n c r e a s e  i n  t h e  r e a c t i o n  r a t e  of t h e  char  and t h e  inc rease  i n  

Surface a r e a s  of coke and cha r  r e s idues  a t  v a r i o u s  e x t e n t s  o f  g a s i f i c a t i o n  

A t  a l l  

As t h e  r e a c t i o n  proceeds and the  s u r f a c e  

The o rde r  of r e a c t i o n  with r e spec t  t o  carbon d iox ide  concen t r a t ion  remained 

The 

The s u r f a c e  a rea  of t h e  m a t e r i a l s  v a r i e d  widely and increased 
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f o r  t he  petroleum coke, m e t a l l u r g i c a l  coke and brown coa l  c h a r  r e spec t ive ly .  
i n t r i n s i c  r e a c t i o n  r a t e  per u n i t  s u r f a c e  a r e a  decreased during g a s i f i c a t i o n  of 
each of t h e  ma te r i a l s .  
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TABLE 1: Chemical Analysis of Cokes and Cnar (% w/w) 

i 

Material  Ash C H N S 0 

Meta l lu rg ica l  Coke 12.1 85.0 0.4 1.9 0.6 0.0 
Petroleum Coke 0.5 96.7 0.2 1.6 1.0 0.0 
Brown Coal Cnar 2.4 94.9 0.6 0.5 0.1 1.5 

TABLE 2: Summary of Reac t iv i ty  Data f o r  0.9 mm P a r t i c l e s  

M a t  e r i a l  weight l o s s  E m 4g 
(%) (kJ/mol) (average)  (m2Ig) 

Petroleum 
coke 

~~~ 

0 
6 
31 
42 

Meta l lu rg ica l  0 
coke 9 

38 

- - 0.6 
231 nd 0.9 
214 0.65 3.1 
218 0.65 2.4 

- - 0.9 
239 0.68 54.9 
2 16 0.66 98.6 

Brown coal  0 - - 39.1 
char  6 185 0.57 358.7 

18 214 nd 464.4 
41 244 nd 986.9 

nd = not determined 
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Lectr ic furnace 

oke/Char testing r e a c t o r  

Figure 1 Schematic representat ion of experimental apparatus 

" " I  

Fractional weight loss 

Figure 2 Reaction r a t e  ( 0 )  and -order ( 0 )  f o r  metal lurgica l  coke (0.9 mm) 
reacted i n  "Jz/N2 mixtures a t  890'c. 
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750 OC 900 

Figure 3 Reaction ra te ,  p (g/min.g) ,  during c o o l i n g  of coke sample as depicted 
i n  f i n a l  p o r t i o n  of Figure 2. 

Temperature (T) 
900 800 700 650 -5 I \Pet.coke 31% ut loss . 

I I I 

Figure 4 

c - 

Brow coal char 5.8% vt loss -11 ' I * 1 0 1 .  I .  I I I .  - 
082 086 090 094 0.98 1.02 1.06 1.10 

1000/T (K-') 
Relation between reac t ion  ra te ,  p (g/min.g). and temperature for 
brown coal char, metal lurgical  coke and petroleum coke. 
( p  = 1 atm ). 

co2 
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Figure 5 Reaction r a t e  of brown coa l  char (0.9 mm) during the i n i t i a l  period 
of reac t ion  a t  740'C. 

I I 

*t 
O l  I f .  

20 ul 60 
M M T  LOSS (-1.1 

I 

Figure 6 Reaction race as  a function o f  the ex tent  of g a s i f i c a t i o n  of char at 
848OC. 
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Figure 7 Effect  of reac t ion  on t o t a l  (N2. BET) surface area. 
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Temoemture ("Cl . .  
900 'So0 700 6 9  

4 I 

Pet. coke 6% w t  loss 

-181 " " ' ' . 1 '  ' 1  1 
082 0.86 0.90 0.94 0-98 1.02 1.06 1-10 

1000/T (K-') 

Figure 8 I n t r i n s i c  reac t ion  ra te .  p, (g/min.m2) of  brown coa l  char, 
metal lurgical  coke and petroleum coke. (p = 1 atm ). 

c02 
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